Spinal muscular atrophy (SMA), the leading genetic cause of infant mortality, predominantly affects high metabolic tissues including motor neurons, skeletal muscles and the heart. Although the genetic cause of SMA has been identified, mechanisms underlying tissue-specific vulnerability are not well understood. To study these mechanisms, we carried out a deep sequencing analysis of the transcriptome of spinal motor neurons in an SMA mouse model, in which we unexpectedly found changes in many genes associated with mitochondrial bioenergetics. Importantly, functional measurement of mitochondrial activities showed decreased basal and maximal mitochondrial respiration in motor neurons from SMA mice. Using a reduction-oxidation sensitive GFP and fluorescence sensors specifically targeted to mitochondria, we found increased oxidative stress level and impaired mitochondrial membrane potential in motor neurons affected by SMA. In addition, mitochondrial mobility was impaired in SMA disease conditions, with decreased retrograde transport but no effect on anterograde transport. We also found significantly increased fragmentation of the mitochondrial network in primary motor neurons from SMA mice, with no change in mitochondria density. Electron microscopy study of SMA mouse spinal cord revealed mitochondria fragmentation, edema and concentric lamellar inclusions in motor neurons affected by the disease. Intriguingly, these functional and structural deficiencies in the SMA mouse model occur during the presymptomatic stage of disease, suggesting a role in initiating SMA. Altogether, our findings reveal a critical role for mitochondrial defects in SMA pathogenesis and suggest a novel target for improving tissue health in the disease.
Introduction
Spinal Muscular Atrophy (SMA) is an autosomal recessive neuromuscular disease that occurs in one of every 10,000 live births (1) (2) (3) , ranking as the leading genetic cause of infant mortality. SMA is caused by mutation in survival motor neuron 1 (SMN1) gene (4) . In addition to SMN1, humans have SMN2, which is different from SMN1 by a cytosine (C) to thymine (T) change in its exon 7. This single nucleotide change disrupts the efficient splicing of SMN2 gene. Consequently, only about 10% of SMN protein generated by SMN2 is full-length and functional. In SMA patients, genetic mutations cause a complete loss of SMN production from SMN1 (4), leading to reduced levels of SMN protein, which correlate inversely with disease severity (5) . Patients with a severe form of disease exhibit disease onset around 5 months of age, with death from respiratory distress within 2 years (5). SMN is implicated in regulating a variety of biological functions, including small nuclear ribonucleoprotein (snRNP) biogenesis and pre-mRNA splicing (6) (7) (8) (9) . Although SMN protein is ubiquitously expressed, SMA disease is characterized by the predominant loss of lower alpha motor neurons in the spinal cord (10) (11) (12) . Other tissues affected in SMA include skeletal muscles and the heart, all of which require high levels of energy supply (13) (14) (15) (16) . Mechanisms underlying tissue-specific vulnerability in SMA are poorly understood.
Tissues with high-energy demand are particularly enriched in mitochondria, whose primary function is to supply cells with ATP generated by oxidative phosphorylation (17) . Depending on the cell type, hundreds and sometimes thousands of mitochondria populate a cell. Neurons and muscles, which expend more energy than other cell types, have a particularly high requirement of mitochondrial functions. Within a cell mitochondria are dynamically transported to and localized in regions that utilize more energy, such as the axon hillock and presynaptic terminal of neurons (18, 19) . Mutations in genes coding components of the respiratory chain of oxidative phosphorylation lead to mitochondrial diseases (18, 20, 21) , which preferentially affect tissue types with high bioenergetic requirement. SMA share many common features with mitochondrial diseases including the specific vulnerability of tissues with high energy demand, suggesting that mitochondria might be functionally impaired in SMA. Clinical studies have indicated fatty acid metabolism defects in SMA patient plasma (22) (23) (24) , and impaired myogenesis and mitochondrial biogenesis in SMA patient's muscles (25) . However, potential defects of mitochondrial structure and function in motor neurons of SMA mouse models have not been explored.
In this study, we report that mitochondria in motor neurons affected by SMA are functionally and structurally defective before the onset of disease symptoms. We found that mitochondria in motor neurons from SMA mice were functionally impaired and fragmented, with reduced mitochondrial respiration, decreased mitochondrial ATP synthesis, defective retrograde mitochondrial transport, decreased mitochondrial membrane potential and increased oxidative stress level. In addition, electron micrographs of lumbar level spinal cord motor neurons from SMA mice show significant mitochondrial fragmentation and edema at a presymptomatic stage, suggesting a role for mitochondrial defects in initiating SMA pathogenesis.
Results

Impaired mitochondrial bioenergetics
To better understand why motor neurons are specifically vulnerable in SMA, we decided to isolate spinal motor neurons from SMA and control mice and study the difference between their RNA expression profiles. We crossed the Hung-Li SMA mouse model with the Hb9:GFP mice, which specifically label motor neurons with GFP (26) . After micro-dissection and enzymatic dissociation, GFP-expressing spinal motor neurons from SMA (SMA; Hb9:GFP) mice and control (Hb9:GFP) mice were isolated by fluorescence activated cell sorting (FACS). Then RNA deep sequencing (RNA-seq) was used to analyse RNA expression profiles in these purified motor neurons. Analysis of the RNA-seq data using GSEA (Gene Set Enrichment Analysis) and the hallmark gene sets showed that many mitochondria bioenergetics-related genes were significantly dysregulated in motor neurons affected by SMA (Fig. 1A and B, Supplementary Material, Table S1 ) . Therefore, we decided to test whether mitochondrial functions were changed in motor neurons from SMA mouse models.
The primary function of mitochondria in cells is to generate ATP through oxidative phosphorylation. To test whether mitochondrial bioenergetics were compromised in SMA disease conditions, we isolated and cultured motor neurons from the spinal cord of D7 SMA mice and control littermates (Fig. 1C) .
Mitochondrial respiration of primary spinal motor neurons was measured using a Seahorse analyzer. Motor neurons affected by SMA showed significantly lower basal mitochondrial respiration rate/oxygen consumption rate (OCR) than non-disease motor neurons ( Fig. 1D and F) . In addition, maximal mitochondrial respiration rate/OCR induced by mitochondrial uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which is an indication of the highest mitochondrial functional capacity under stress conditions, was also significantly reduced ( Fig. 1D and G) . Importantly, coupled mitochondrial respiration rate/OCR used for ATP synthesis, as well as the OCR for counteracting proton leaking across the mitochondrial inner membrane were both significantly decreased (Fig. 1D,H,I ). To test whether the observed mitochondrial respiration deficiency is specific to motor neurons, we examined primary mouse midbrain neurons from SMA and wild type mice. Midbrain neurons from SMA mice showed no change of mitochondrial basal, maximal, coupled or proton leak OCR, compared to those of midbrain neurons from wild type mice (Fig. 1E-I ). These results suggest that mitochondrial bioenergetics are specifically impaired in motor neurons affected by SMA.
Increased mitochondrial oxidative stress and reduced mitochondrial membrane potential
Defective mitochondrial respiration and ATP synthesis often lead to increased mitochondrial oxidative stress (27) . To determine whether this was the case in SMA motor neurons, we expressed a redox-sensitive variant of green fluorescent protein (roGFP) with a mitochondria targeting sequence (mito-roGFP) (28) , which provides a reversible, quantitative means of monitoring mitochondrial oxidative stress level in motor neurons from D7 SMA mice ( Fig. 2A and B) . Because mitochondria are localized in both neuronal cell body and axon, we decided to measure mitochondrial oxidative stress in both regions using fluorescence live imaging. We found that the oxidation levels of mito-roGFP were significantly higher in both the soma and axon of SMA motor neurons ( Fig. 2C and D) than those in wild type motor neurons, indicating increased mitochondrial oxidative stress in motor neurons affected by SMA.
Increased mitochondrial oxidative stress is often associated with compromised mitochondrial membrane potential. To test this possibility, the mitochondria membrane potential of spinal motor neurons from SMA mice was measured with fluorescent dye tetramethylrhodamine ethyl (TMRE). Depolarized or inactive mitochondria have decreased membrane potentials that reduce the uptake of cationic TMRE. We found that the mitochondrial membrane potential of motor neurons from SMA mice was significantly compromised compared with non-disease motor neurons (Fig. 2E) . Together, the increased mitochondrial oxidative stress level and reduced mitochondrial membrane potential suggest impaired health and function of mitochondria in motor neurons affected by SMA, consisting with defective mitochondrial bioenergetics we observed in SMA mice.
Defective mitochondrial transport
Mitochondria are dynamically transported in neurons to ensure sufficient energy supply and proper mitochondrial repairment. Thus, appropriate transport is an important indication of mitochondrial function. Mitochondria are transported anterogradely from the cell body towards the synaptic terminals and retrogradely from the terminals back along cytoskeleton microtubule Results are mean 6 SEM, from at least three independent experiments, were normalized to cell number. n.s.: not significant; *P < 0.05; **P < 0.01; ***P < 0.001, Student's t test.
tracks (29) . We recently found that hyper-phosphorylation of the microtubule-associated protein Tau, a key regulator of cellular trafficking, contributed to the specific loss of motor neurons in SMA (30) . This finding motivated us to explore the possibility that mitochondrial transport is impaired in SMA motor neurons. We used time-lapse confocal live imaging to measure mitochondrial transport in primary motor neurons transfected with mitochondria targeting sequence-tagged DsRed (mitoDsRed) (Fig. 3A) (31) . We found that mitochondria travelled significantly shorter distance in axons of D7 SMA motor neurons compared to wild type neurons (Fig. 3B) . Further analysis revealed that retrograde travel distance (Fig. 3E ) of mitochondria was also decreased in motor neurons affected by SMA, which was caused by decreased speed (Fig. 3D) and time ( Fig. 3C ) spent on retrograde transport. There was also a significant increase in the time spent in the immobile state (Fig. 3C ) by mitochondria in SMA motor neurons, but no significant effect on any aspects of anterograde transport. To test whether defective mitochondrial transport is unique to the D7 SMA mice, we performed these studies using a different SMA model, the Hung-Li SMA mice. Both of these mouse models were generated by expressing low levels of human SMN transgene in Smn knock-out mice to recapitulate hallmarks of SMA pathogenesis at the molecular, cellular and behaviour levels, with similar average lifespan of around 13 days (32, 33) . Similarly, mitochondria in spinal motor neurons from the Hung-Li SMA mice also showed significantly reduced total travel distance, decreased retrograde transport distance, speed and time, as well as increased percent of time in the immobile state (Supplementary Material, Fig. S1 ).
By contrast, every aspect of mitochondrial transport appears to be normal in midbrain neurons isolated from SMA mice ( Fig. 3F-J) , suggesting defective mitochondrial transport is specific for motor neurons. Given the particularly long axons of lower alpha motor neurons, it is conceivable that detrimental consequences of defective mitochondrial transport may be exacerbated in motor neurons, thus contributing to motor neuron-specific degeneration in SMA pathogenesis.
Increased mitochondria fragmentation
Mitochondrial functions are closely related to its size and morphology. Elongated mitochondria have higher density of cristae with better efficiency in ATP production; whereas short, fragmented mitochondria are more likely to have compromised membrane potential, with lower levels of the dimeric form of ATPase and decreased cristae density, both of which are associated with the impaired ATP synthesis (34) (35) (36) . To test whether mitochondria fragmentation is associated with the functional defects observed in SMA disease conditions, we compared the mitochondria length in motor neurons from the D7 SMA mice and control mice transfected with mito-DsRed. Confocal live imaging of mitochondria located in motor neuron axons showed significantly reduced mitochondria length in SMA motor neurons, with no change of mitochondria density ( Fig. 4A-C ).
In addition, we also tested mitochondria fragmentation in motor neurons from the Hung-Li SMA mice. The length of mitochondria was also significantly reduced in motor neurons from DTT were applied to fully reduce (red trace) and aldrithiol were used to fully oxidize (green trace) roGFP for calculating relative oxidation levels as described in Methods. (C, D) Mitochondrial oxidative stress was significantly increased in both the soma (C) (P ¼ 0.00013) and axon (D) (P ¼ 0.0003) of spinal motor neurons from D7 SMA mice. Mitochondrial roGFP oxidation levels in the soma and axon (at least 50 mm away from the motor neuron soma) were recorded in 5-7 experimental repeats for each group. (E) Mitochondrial membrane potential was significantly reduced (P ¼ 0.0069) in SMA motor neurons. The membrane potentials of mitochondria on 42 samples of D7 SMA motor neurons and 42 wild type samples in three independent experiments were measured using fluorescent dye tetramethylrhodamine ethyl (TMRE) and normalized to cell number. **P < 0.01; ***P < 0.001, Student's t test. : not significant; *P < 0.05; **P < 0.01; ***P < 0.001, Student's t test.
the Hung-Li SMA mice, without any change in mitochondrial density (Supplementary Material, Fig. S2 ). These data suggest that mitochondria fragmentation is likely associated with the general SMA pathology but not limited to a specific SMA mouse model. To test whether mitochondria fragmentation represents a common defect associated with all neuronal cell types, we also examined the mitochondria morphology in midbrain neurons isolated from SMA mice. We found that neither the length nor density of mitochondria in SMA midbrain neurons was different from that of wild type mice (Fig. 4D-F) . This finding suggests that, similar to impaired mitochondrial bioenergetics, mitochondria fragmentation is also a defect specific to motor neurons, potentially contribute to the selective vulnerability of motor neurons in SMA disease conditions.
Ultrastructural mitochondrial abnormalities
To further examine mitochondrial defects in vivo, we investigated the mitochondria ultrastructural morphology in SMA mice. Electron microscopy study of motor neurons from lumbar 1 (L1) level mouse spinal cord showed significantly reduced mitochondria size (Fig. 5A-D,F ) in postnatal day 9 (P9) D7 SMA mice, whereas mitochondria density was not changed (Fig. 5G) . Importantly, 25% of mitochondria in motor neurons from SMA mice show abnormal morphology, compared to only 4% in wild type motor neurons ( Fig. 5A-E) . These ultrastructural abnormalities include edema (in 12% mitochondria) and concentric lamellar inclusions (in 13% mitochondria) (Fig. 5E ), which are commonly found in mitochondrial diseases (37, 38) . Furthermore, cristae density is decreased in motor neurons affected by SMA (Fig. 5A-D) . Decreased cristae density has been linked to impaired ATP production efficiency (34, 35) . These findings not only are consistent with our observations of decreased mitochondrial bioenergetics, length and retrograde transport in cultured SMA motor neurons, but also provide additional solid evidence for impaired mitochondrial health and function in motor neurons affected by SMA in vivo.
In D7 SMA mice at P9, some disease phenotypes including motor behavioural defects can already be detected, thus P9 is considered as a postsymptomatic stage. To test whether mitochondrial ultra-structural abnormalities exist in SMA mice before the onset of disease symptom, we examined the mitochondria ultrastructure at postnatal day 3 (P3), a presymptomatic stage when SMA mice are indistinguishable from their wild type littermate both at the molecular and behavioural levels. Intriguingly, structural abnormalities were detected in 25% of mitochondria in P3 SMA mouse motor neurons, compared to 3% in littermate control mice (Fig. 6A-E) . All affected mitochondria at this stage displayed edema, with no sign of concentric lamellar inclusions ( Fig. 6A-E) . We found that even at presymptomatic P3, mitochondria size was reduced in SMA motor neurons (Fig. 6A-D,F) , but not mitochondria density (Fig. 6G) . In addition, P3 SMA mouse spinal motor neurons also showed reduced cristae density. These finding suggest that morphological and functional impairments of mitochondria are likely a cause, rather than an effect, of motor neuron degeneration in SMA pathogenesis.
Discussion
SMA is characterized by selective defects in tissues with high metabolic rate, such as spinal motor neurons and muscles, but mitochondrial dysfunction in motor neurons during SMA pathogenesis has not been systematically explored. Using mouse models of SMA, we found that mitochondria in SMA motor neurons were functionally impaired, with reduced respiration rate, decreased membrane potential, increased oxidative stress level, defective transport along axons and fragmented morphology. Electron microscopy analysis of motor neurons from SMA mice showed substantial mitochondrial fragmentation and edema, which occur prior to the onset of disease symptoms, suggesting a role for mitochondrial dysfunction in contributing to SMA pathogenesis.
Functional defects of mitochondria and motor neuronspecific vulnerability in SMA Previous clinical studies of infants with severe forms of SMA showed abnormal fatty acid metabolism (22, 23, 39, 40) . Muscle biopsies from SMA patients also showed metabolic deficits (24) . In addition, depletion of mitochondrial DNA and disintegrated mitochondria were found in muscles affected by SMA (25, 41, 42) . However, all these works are primarily clinical studies focusing on metabolic or mitochondrial abnormalities in muscles. Here we systematically investigated functional defects of mitochondria in motor neurons using SMA mouse models. We found 200 mitochondria from three wild type mice, SMA: 230 mitochondria from three SMA mice). Results are mean 6 SEM, from at least three independent experiments. n.s: not significant; ***P < 0.001, Student's t test. 883 mitochondria from three SMA mice). Results are mean 6 SEM, from at least three independent experiments. n.s: not significant; *P < 0.05; ***P < 0.001, Student's t test.
significantly reduced basal mitochondrial respiration and coupled respiration, which is used for ATP synthesis, in mouse motor neurons affected by SMA (Fig. 1D,F,H) . In addition, the maximal mitochondrial respiration capacity, revealed when mitochondria were stressed by uncoupler CCCP, was also decreased ( Fig. 1D and G) . Spinal cord alpha motor neurons are characterized by large soma, long axon, elaborated dendritic branching and dynamic synaptic activities (43, 44) . It is conceivable that defects in mitochondria bioenergetics will predominantly affect these fast fatigable motor neurons, which have a high metabolic rate and are constantly under energy stress. The active transport of mitochondria, especially the retrograde transport, is slowed down in motor neurons affected by SMA (Fig. 3A-E) . Given that motor neuron axons are particularly long, defects in the axonal transport of mitochondria may be specifically exacerbated in these neurons. Together, these functional impairments of mitochondria bioenergetics and transport could help explain why spinal motor neurons are particularly vulnerable in SMA disease.
Our new observation that mitochondrial axonal transport is defective in neurons affected by SMA is consistent with our recent finding that microtubule-associated protein tau is hyperphosphorylated in SMA conditions and contribute to disease pathogenesis (30) . Mitochondria are actively transported by motor proteins kinesin and dynein along cytoskeleton microtubules (29, 19) . Microtubule-associated protein tau is enriched in axons and serves as an axonal marker (45) . Hyperphosphorylated tau may interfere with the transport of mitochondria by impeding their movement along axons.
Mitochondria fragmentation and oxidative stress in SMA motor neurons
Mitochondria are highly dynamic organelles that constantly fuse and divide to maintain their normal structure and function. A balance between fusion and fission is essential for maintaining the proper mitochondria size and function; disruption of the balance is associated with a variety of neurodegenerative diseases (46) . Fusion allows mitochondria to share and exchange content such as mitochondrial DNA, proteins and lipids, whereas fission facilitates apoptosis and the clearance of damaged mitochondria (47) . Increased mitochondrial fusion protects against neurodegeneration (48) , while disruption of fusion leads to smaller, fragmented mitochondria that display reduced membrane potential and impaired respiration (35, 49) . In this study, we found severely fragmented mitochondria with reduced size in motor neurons affected by SMA (Figs. 4-6,  Supplementary Material, Fig. S2 ), suggesting potential defects in the balance between fusion and fission. In addition, our findings were confirmed in two widely used SMA mouse models, indicating that these defects are associated with general SMA pathology but not limited to a particular mouse model. A recent study found that mitochondria length is not changed but mitochondria density is decreased in human SMA induced pluripotent stem cell (iPSC)-derived motor neurons (50) , different from our finding. Although this study also found impaired retrograde transport and less mobile mitochondria in SMA iPSC motor neurons, which is consistent with our observations, there are drawbacks associated with its use of mitoTracker Red to study mitochondria length and density. We used the mito-DsRed expression to label mitochondria and measure their size and transport; whereas Xu et al utilized mitochondrial membrane potential-dependent fluorescent dye MitoTracker Red in their assays. We have found that mitochondrial membrane potential was compromised in SMA motor neurons (Fig. 2E) , consistent with studies using SMN knock-down in NSC34 cells (51) and embryonic stem cell-derived motor neurons (52) . Therefore, mitochondria with reduced membrane potential in SMA motor neurons may not be effectively labelled by MitoTracker Red. In addition, MitoTracker Red is not entirely specific to mitochondria (53) , further complicating the interpretation of results from using this dye.
Mitochondria fragmentation has been linked with reduced membrane potential and increased oxidative stress (49, 54) . This is consistent with our observation of dramatically increased mitochondrial oxidative stress level measured by mito-roGFP (Fig. 2) and mitochondrial fragmentation (Figs. 4-6, Supplementary  Material, Fig. S2 ) in SMA motor neurons. Studies in SMA iPSC motor neurons generated conflicting results regarding oxidative stress (50, 55) . Patitucci et al found no change of oxidative stress while Xu et al observed decreased membrane potential and increased oxidative stress in mitochondria from SMA iPSC motor neurons. These discrepancies are likely due to different experimental conditions used by these laboratories or the intrinsic limitations of iPSC as a model system to study SMA pathogenesis (56) . The increased mitochondrial oxidative stress we observed in SMA motor neurons may be caused by fragmented mitochondria or reduced retrograde transport of mitochondria for repairment and clearance. Whether disruption of fission/ fusion balance or impaired mitophagy may contribute to these defects, requires further investigation.
Ultrastructural changes of mitochondria in SMA mice before the onset of disease Do these profound mitochondrial impairments in primary spinal motor neurons reflect similar abnormalities in vivo? Ultrastructural analysis by electron microscope revealed decrease of mitochondria size but not density in motor neurons in SMA mice (Figs. 5 and 6 ), consistent with our findings in primary motor neurons. Decreased mitochondria size has been linked with reduced level of dimeric ATPase, and decreased efficiency of ATP synthesis (34, 35) . We also found that 25% of all mitochondria in SMA motor neurons had abnormal morphology, including edema and concentric lamellar inclusions (Fig. 5) , which are characteristics of mitochondrial diseases (37, 38) . Edema was accompanied by a decrease in the density of cristae (Fig. 5) . Decreased mitochondrial cristae density has been linked to impaired ATP production efficiency (34, 35, 57) . These results are consistent with our finding of decreased mitochondrial bioenergetics in SMA. Besides edema, concentric lamellar inclusions were found in 13% of mitochondria in SMA motor neurons. These inclusions are characteristic of mitochondrial Leigh disease (37, 38) and have been associated with mutations in mitochondrial gene ATP6 (58) . SMA is caused by insufficient SMN protein, whose best characterized function is linked to premRNA splicing. Deep sequencing with higher resolution than that in Fig. 1A is underway in our laboratory to test whether the splicing of mitochondria-related genes are altered in SMA disease.
To determine whether the mitochondrial ultrastructural abnormalities appear before the onset of disease symptoms, we examined spinal motor neurons in SMA mice at postnatal day 3 (P3), a presymptomatic stage of disease. Intriguingly, structural abnormalities were detected in 25% of mitochondria in P3 SMA mouse motor neurons, compare to 3% in littermate control mice. All affected mitochondria at this stage displayed edema, with no sign of concentric lamellar inclusions (Fig. 6A-E) . Mitochondria in presymptomatic P3 SMA motor neurons also displayed decreased size and reduced cristae density (Fig. 6A-D, F) . Decreased mitochondria size and cristae density has been linked to impaired ATP synthesis (34, 35, 57) . Our findings imply that ATP production in SMA motor neurons is likely impaired at a presymptomatic stage. These findings strongly suggest that mitochondrial defects contribute to SMA disease pathogenesis, rather than being a secondary effect of motor neuron degeneration.
As another prevalent neuromuscular disease, amyotrophic lateral sclerosis (ALS) is also characterized by motor neuron degeneration and muscle atrophy. In ALS, retrograde movement of mitochondria is impaired (59) (60) (61) . Ultrastructural abnormalities of mitochondria were also observed in ALS by electron microscopy. However, in ALS there were reports of enlarged mitochondria (60,62,63) whereas we found mitochondria of reduced size in motor neurons affected by SMA. In addition, lamellar inclusions, which are characteristic of mitochondria diseases and not reported in ALS, were observed by us in SMA motor neurons. These differences suggest that distinct aetiologies underlying SMA and ALS cause different mitochondrial impairments, but the high sensitivity of motor neuron to mitochondrial dysfunction leads to the similar symptom of motor neuron degeneration.
Mitochondrial health and function are crucial for maintaining cellular bioenergetic demand. Impairment of mitochondrial functions in spinal motor neurons may contribute to their specific vulnerability in SMA disease. Our findings reveal a critical role for mitochondrial defects in SMA pathogenesis and suggest a novel target for improving tissue health in the disorder.
Materials and Methods
SMA mouse models
The D7 SMA mouse model (Smn ;SMN2Hung tg/-or Jackson Laboratory #005058) and the Hb9:GFP transgenic mice (Hb9:GFP or Jackson Laboratory #005029) were obtained from the Jackson Laboratory. Genomic DNA extracted from tail samples was used for PCR-based genotyping as reported (26, 32, 33) . Both male and female mice were used.
Motor neurons purification and RNA-seq analysis
;SMN2Hung tg/-SMA mice were crossed with the Hb9:GFP mice to label spinal motor neurons with GFP. Spinal cords from P9 SMA;Hb9:GFP mice and control Hb9:GFP mice were isolated and dissociated using Accutase (MP Biomedicals). GFPexpressing spinal motor neurons were purified using BD FacsAria SORP 4-Laser fluorescence-activated cell sorter (BD Biosciences) and lysed into Trizol LS (Thermo Fisher Scientific). Total RNA from sorted motor neurons was purified using RNeasy Mini kit (Qiagen). RNA-seq libraries were constructed using the strand specific dUTP method (64) Mouse primary spinal motor neuron and midbrain neuron culture
Primary neurons from mouse spinal cord and ventral midbrain were cultured in Neurobasal (Life Technologies) supplemented with B27 (Life Technologies) as previously described (30) . Briefly, spinal cords and midbrains from E12.5 mouse embryos were dissected out and dissociated with 0.25% trypsin. After enriching motor neurons with Optiprep (Sigma) density gradient centrifugation and BSA cushion, cells were seeded on glass cover slips coated with 20 lg/ml Poly-L-Lysine (PLL) (Sigma) and 8 lg/ml Laminin (Sigma), and grown in the presence of 50 lg/ml BDNF, 50 lg/ml CNTF and 25 lg/ml GDNF (PeproTech). Neurons were transfected with Lipofectamine 2000 (Life Technologies) following manufacturer's instructions.
Mitochondrial oxygen consumption rate measurements
Mitochondrial oxygen consumption rates (OCR) were measured using a XF24 Seahorse Biosciences Extracellular Flux Analyzer. Mouse spinal motor neurons and midbrain neurons were plated onto a Seahorse 24-well plate at 180,000 neurons per well and grown for 7-9 days. Culture media were changed to 500 ll of fresh Neurobasal 30 min before the assay. Seahorse analyzer injection ports contained 1 lM ATP synthase inhibitor oligomycin A, or 5 lM mitochondrial uncoupler carbonyl cyanide m-chlorophenyl hydrazine (CCCP), or 1 lM mitochondrial respiratory complex I inhibitor rotenone plus 1 lM complex III inhibitor antimycin A. Basal mitochondrial oxygen consumption rate (OCR) was determined by subtracting the mitochondrial respiration following antimycin A and rotenone treatment from the base line OCR. Maximal mitochondrial OCR was calculated by subtracting the mitochondrial respiration following antimycin A and rotenone treatment from the CCCP-induced OCR. Coupled mitochondrial OCR was determined by subtracting oligomycin A-induced OCR from the basal mitochondrial OCR. After assays, neurons were immediately fixed for further immunofluorescence staining analysis. Oxygen consumption rates were normalized to cell number quantified by DAPI staining.
Transmission electron microscopy SMA mice at 3 days and 9 days of age were euthanized and transcardially perfused with 2% paraformaldehyde and 2.5% glutaraldehyde (EM grade freshly prepared) in 0. 
Mitochondrial oxidative stress measurement
Primary mouse neurons cultured on glass coverslips for 3-4 days were infected with adeno-associated virus expressing a redox-sensitive variant of green fluorescent protein (roGFP) with a mitochondria targeting sequence (AAV-mito-roGFP) from Dr. Jyothisri Kondapalli of the Surmeier laboratory (28) . 96 h after transduction, cultured neurons were transferred to an imaging chamber with inverted epifluorescence microscope (Olympus IX71) using a 40X/NA 1.35 oil-immersion objective (Olympus). The imaging chamber was perfused with artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 1 mM MgCl 2 , 2 mM CaCl 2 and 25 mM D-glucose, pH 7.4. Cultures were kept in ACSF for 10 min to allow fluid environment reaching equilibrium before imaging. All experiments were performed at 35-36 C. Two excitation wavelengths (410 nm and 470 nm) were used with emission monitored at 535 nm. Region of interests (ROIs) were selected using imaging software SlideBook (Intelligent Imaging Innovations) on the soma or axon (at least 50 mm from the neuronal cell body). Images were taken every 30 s using a cooled CCD camera (I-PentaMax, Princeton Instruments) and fluorescent intensities were measured ratiometrically. After initial basal measurements, cultures were treated with 2 mM dithiothreitol (DTT) to get fully reduced, followed by 100 mM aldrithiol treatment to reach maximal oxidation. Fluorescent intensities were measured correspondingly to determine the range of roGFP signal. The relative mitochondrial oxidative levels were then calculated as 1 À [(F À F Ald )/(F DTT À F Ald )], in which F, F DTT and F Ald represent measured intensities at basal, reduced and oxidized states, respectively.
Mitochondrial membrane potential measurement
Mitochondrial membrane potential was measured with the potential-dependent fluorescent dye tetramethylrhodamine ethyl (TMRE) (Molecular Probes). 150,000 primary motor neurons were plated into each well of a BD-Falcon 96-well black plate (with clear bottom) and cultured for 7 days. Neurons were labelled with 200 nM TMRE for 30 min, followed by washing with PBS plus 0.2% BSA before measuring the fluorescence intensity with a Wallac Victor plate reader. Background fluorescence was measured after treating neurons with 40 mM FCCP for 15 min.
Neurons were fixed immediately after the assay for immunofluorescence staining. TMRE intensity was normalized to cell number quantified by DAPI staining.
Live imaging and data analysis of mitochondria transport, density and fragmentation
Time-lapse live imaging by confocal microscope was used to measure axonal mitochondrial transport, density and fragmentation. After culturing for 5-7 days, primary mouse neurons were transfected with mitochondria targeting sequence-tagged DsRed (mito-DsRed). 48 h after transfection, images were acquired using a Zeiss LSM 700 confocal microscope equipped with a 63X/NA 1.15 water LD C-Apochromat objective lense and a temperature (37 C) and CO 2 (5%) controlled stage. Images were captured every 2 s for a period of 2 min using Zen 2009 software. The 561 nm laser intensity was set at 0.2 mW to minimize damage, and pinholes were opened maximally to allow the entire thickness of the axon to be imaged. Axon fragments of 50-100 mm in length located at least 50 mm away from the cell body were selected for analysis. A custom-made Image J plug-ins were used to generate kymographs and analyse mitochondria motility (31) . Motility was assessed based on three parameters, Total Travel Distance, Travel Speed and Percent of Time in motion. Total Travel Distance was defined as the average of total distance travelled by each mitochondrion in 1 min; Travel speed was defined as the average of speed travelled in each direction; Percent of Time in motion was defined as the average of time spent mobile in each direction. Mitochondria that moved continuously in one direction were scored as 100% of Time in motion for that direction, while those that were entirely stationary or only moved in the opposite direction were scored as 0% Time in motion for that direction. Mitochondria length and density were measured by using the first frame of each time-lapse recording on selected axons, and analysed with Imaris software (Bitplane). Mitochondria density was calculated by dividing the total length of mitochondria with the length of axon in the same view field.
Immunohistochemistry
Primary motor neurons were fixed for 20 min in freshly made 4% PFA, followed by three washes with PBS and permeabilization in PBST buffer (PBS with 0.05% Tween-20). Samples were then blocked with 5% donkey serum and 5% goat serum in PBST before incubated with primary antibodies overnight at 4 C, washed with PBST, incubated with secondary antibodies, washed with PBST and mounted in Aquamount (Fisher Scientific). All images were taken with a Zeiss LSM510 confocal microscope. Primary antibodies used in this study are as follows: HB9 (1:10000, Dr. Samuel Pfaff, rabbit polyclonal), Tuj1 (1:1000, Covance mouse monoclonal). Secondary antibodies are from Jackson ImmunoResearch and used at 1:500 dilution.
Supplementary Material
Supplementary Material is available at HMG online.
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